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ABSTRACT

Loss of forest habitat used for roosting and nocturnal activity by bats is a
conservation concern in the southeastern United States. The northern long-eared bat
(Myotis septentrionalis), southeastern myotis (Myotis austroriparius), tri-colored bat
(Perimyotis subflavus), and northern yellow bat (Lasiurus intermedius) all occur within
the Coastal Plain of South Carolina, where their greatest conservation threat is loss of
critical roosting and foraging habitats. However, little research has been conducted on
these species of conservation concern in this region, leaving gaps in information about
habitat associations that would inform conservation and management as forest loss
continues due to logging, agriculture, urban development, and intense storm events. To
address this concern, we used radio telemetry and acoustic bat detectors to understand
habitat associations of these species in southern coastal South Carolina. Our specific
objectives were to 1) determine habitat characteristics associated with third order summer
roost selection for the northern long-eared bat, tri-colored bat, and northern yellow bat,
and 2) determine habitat characteristics associated with summer and winter nocturnal
habitat use for Myotis spp., the tri-colored bat, and the northern yellow bat.
To understand summer roost selection, we radio-tracked individuals to roost trees
May-August 2018 and 2019. We characterized roosts, roost sites, and associated
available trees and used discrete choice models to analyze our data. Although we did not
capture enough northern long-eared bats for resource selection analysis, we determined
that one northern long-eared bat used bark roosts in slash pine (Pinus taeda) and one used
basal cavities in water tupelo (Nyssa aquatica). Tri-colored bats and northern yellow bats
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switched roosts frequently (every 1.3 days). Tri-colored bats used foliage and Spanish
moss (Tillandsia usneoides) in hardwood trees and selected hardwood trees with high
densities of Spanish moss. Northern yellow bats used dead palm fronds in cabbage palm
trees (Sabal palmetto) or Spanish moss in hardwood trees and selected cabbage palm
trees and trees with high densities of Spanish moss or dead palm fronds. Our results
suggest that conservation of maritime and bottomland forests with trees that have high
densities of roost structures would benefit all three species.
To investigate nocturnal habitat use we conducted acoustic surveys in summer
(May-August) and winter (December-March) 2018 and 2019. We surveyed 125 sites in 5
habitat categories (upland forest, bottomland forest, fields, ponds, and salt marsh) in
summer and 121 of these same sites in winter. We used occupancy models to analyze our
data and interpreted results as habitat use. Myotis spp. used sites that were closer to
hardwood stands and freshwater year-round, and sites closer to pine stands during winter.
During summer, tri-colored bats were present at most sites (85%) and use was not
dependent on any characteristics we measured, but during winter they used bottomland
forests, fields, and ponds more than salt marsh and upland forests. During summer,
northern yellow bats used sites close to freshwater and salt marsh, and used fields, ponds,
and salt marsh more than upland and bottomland forests. During winter, they continued
to use sites close to salt marsh and freshwater, but used bottomland forests, fields, and
ponds more than upland forest and salt marsh. Our results highlight the importance of
specific forest stands and features like freshwater, salt marsh, ponds, and bottomland
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forests, while also highlighting that habitat use changes between seasons in response to
resource and changes in vegetation structure.
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CHAPTER 1: SUMMER ROOSTING ECOLOGY OF THREE BAT SPECIES OF
CONSERVATION CONCERN IN COASTAL SOUTH CAROLINA
INTRODUCTION
Diurnal tree roosts are particularly important habitat features for bats as they
provide protection from predators and adverse environmental conditions, and are sites for
rearing offspring during the summer reproductive period (Carter and Menzel 2007).
Roost structure use varies by bat species, but may be in foliage, bark of live or dead trees,
and tree cavities. Bats select roost trees based on structural and landscape characteristics
that meet their ecological needs (Kalcounis-Rüppell et al. 2005). Structural characteristics
include roost tree diameter and decay status, canopy closure at the site, surrounding stand
characteristics, and density of vegetative clutter around the roost (Lacki and Baker 2003;
Carter and Menzel 2007), while landscape characteristics include factors like proximity
to water, density of surrounding roost structures, and proximity to foraging areas (Lacki
and Baker 2003; Kalcounis-Rüppell et al. 2005). Abundant roosts with preferred
structural and landscape characteristics are important to meet the needs of entire
populations and to facilitate switching of roosts by individuals. Individuals commonly
switch roosts in response to changes in microclimate and roost availability, and to avoid
predators and parasites (Lewis 1995; Lausen and Barclay 2002). Thus, an abundance of
potential roosts that meet the needs of species is important to assure populations are
sustained on the landscape.
Forest loss and consequently loss of roost trees, is a major conservation threat to
bats and results from clear cutting, agricultural expansion, urbanization, and weather
events intensified by climate change (Frick et al. 2019). The southeastern United States
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faces many of these threats as it is projected to be a hotspot of natural forest loss
(Poudyal et al. 2016) and to experience one of the largest urban expansions in the country
(Terando et al. 2014). Loss of forests coupled with increasing intensity of storm events
(e.g., hurricanes) due to climate change (Knutson et al. 2015; Ting et al. 2019) will likely
result in high loss of roost trees. Loss of forests due to disturbance results in a matrix of
varying quality habitat, separating animals from resources and in some cases leading to
direct mortality (McKinney 2008; Russell et al. 2009). Loss of available tree cover also
reduces the number of potential roosts that meet the needs of individual bat species,
disproportionately impacting habitat specialists that rely on specific roost structures and
leading to changes in roost selection (Loeb 2017). Changes in selectivity may cause bats
to use suboptimal roosts, leading to decreased fitness, increased predatory exposure, and
increased energy expenditure (Chaverri and Kunz 2011; Vlaschenko et al. 2019).
The northern yellow bat (Lasiurus intermedius), northern long-eared bat (Myotis
septentrionalis), and tri-colored bat (Perimyotis subflavus) are species of special concern
and occur in the Coastal Plain of the southeastern U.S. The northern yellow bat is
relatively understudied throughout its range, with only a few studies documenting roost
use (Constantine 1958; Menzel et al. 1999; Hutchinson 2006; Coleman et al. 2012).
Northern yellow bats are associated with coastal maritime forests and roost in dead
cabbage palm (Sabal palmetto) fronds and Spanish moss (Tillandsia usneoides) in the
canopy of mixed hardwood trees such as Quercus spp. and Nyssa spp. (Menzel et al.
1999; Coleman et al. 2012; Castleberry et al. 2020). Castleberry et al. (2020), who
conducted the only study on roost selection for this species, found that male northern
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yellow bats select roosts in large trees with low surrounding clutter as well as sites that
are close to freshwater when roost substrate is abundant on the landscape.
The northern long-eared bat was only recently discovered in the South Carolina
Coastal Plain, expanding the known range of the species (White et al. 2018). Roost use
varies across the range of this species but includes cavities and bark roosts in a variety of
live and dead tree species (Carter and Feldhamer 2005; Perry and Thill 2007a; Garroway
and Broders 2008). In portions of coastal South Carolina, northern long-eared bats roost
under the bark of live pine trees (Confortin and Brown 2018; Kindel 2019). In contrast,
tri-colored bats are a summer foliage roosting species and use roosts in hardwood leaves
and pine needles, as well as in Spanish moss (Menzel et al. 1999; Veilleux et al. 2003;
Perry and Thill 2007b; O’Keefe et al. 2009). In Nova Scotia, individuals select trees and
sites with higher densities of beard lichen (Usnea trichodia) (Poissant et al. 2010), which
provides similar roost characteristics as Spanish moss. Information on the roost ecology
of the tri-colored bat in the southeastern Coastal Plain is limited, with only one published
account of roost use by one individual (Menzel et al. 1999). Therefore, much information
needs to be gained about roost use and selection of tri-colored bats in the Coastal Plain.
The northern long-eared bat and tri-colored bat have both experienced declines in
their populations due to the disease white nose syndrome (WNS) caused by the fungus
Pseudogymnoascus destructans. These declines have resulted in the northern long-eared
bat being listed as threatened and the tri-colored bat being proposed for listing under the
Endangered Species Act (USFWS 2017). WNS however, is not present in the Coastal
Plain and thus, this area may serve as a refugia for both these species. Because all three
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species face habitat conservation threats in the Coastal Plain, retention of important
summer roosting habitat which facilitates survival and rearing of young is crucial to their
persistence on the landscape. Thus, understanding summer roost selection of the northern
long-eared bat, tri-colored bat, and northern yellow bat is important for informing
conservation and management.
Our objective was to determine third order summer roost selection for the
northern long-eared bat, tri-colored bat, and northern yellow bat in coastal South
Carolina. We hypothesized that roost selection would vary by species but would be
influenced by roost availability and permanence, surrounding forest cover type,
thermoregulatory needs, ease of movement around the roost, landscape characteristics
surrounding the roost, and anthropogenic disturbance. We predicted that northern longeared bats would use pine trees and pine dominated stands while tri-colored bats would
use oak species and northern yellow bats would use oak species and palm trees (Menzel
et al. 1999; Kindel 2019; Castleberry et al. 2020). We also predicted that roost trees for
the tri-colored bat and northern yellow bat would have high densities of potential roosting
structures such as Spanish moss and dead palm fronds (Veilleux et al. 2003; Castleberry
et al. 2020). Because of the importance of roosts in providing protection from the
elements, we predicted that all species would select live roost trees that were protected by
the canopy, but also that suit their energetic needs in terms of solar exposure and
thermoregulation (Jung et al. 2004; Perry and Thill 2007a; Coleman et al. 2012; Kindel
2019). We also predicted that all species would use roost trees that were easy to
maneuver around when coming in and leaving (Lacki and Schwierjohann 2001; Perry and
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Thill 2007a; Castleberry et al. 2020) and that were close to landscape resources such as
freshwater, foraging areas, and roads for commuting (Jung et al. 2004; Veilleux et al.
2004; Perry et al. 2008; O’Keefe et al. 2009; Castleberry et al. 2020). Finally, we
predicted that tri-colored bats and northern yellow bats would roost at sites close to
human disturbance which provides landscape heterogeneity with forests and open areas
for roosting and foraging, while the northern long-eared bat would roost far from
residential cover in order to avoid disturbance (Veilleux et al. 2004; Perry et al. 2008;
Castleberry et al. 2020). Results of this study will provide a better understanding of
roosting requirements and will inform land managers about critical habitat features for all
three species.
METHODS
Study Area
This study took place at three properties in Beaufort County (32.35, -80.69) in the
southern Coastal Plain of South Carolina: Palmetto Bluff, Pickney Island National
Wildlife Refuge, and Victoria Bluff Heritage Preserve (Figure 1). All three study areas
were located within the United States Southeast climate region (Karl and Koss 1984),
which in the summer survey period (May-August) had a 20-year average temperature of
26.2⸰C and an average total precipitation of 52 cm (NOAA 2020). Palmetto Bluff (5,165
ha) is a multi-use property which is made up of suburban development including golf
courses, maintained fields, and freshwater ponds, undeveloped land, and areas under
conservation easement (132 ha). Forests were predominantly upland forest including pine
dominated forests, mixed pine-hardwood forests, and maritime forest, with patches of
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bottomland forest. Victoria Bluff (470 ha) is a state preserve which was undeveloped but
bordered by suburban housing development and salt marsh. Dominant forest types at this
study area were bottomland hardwood and mixed hardwood-pine forests. Pinckney Island
is a National Wildlife Refuge (1,640 ha) surrounded entirely by salt marsh and in
proximity to suburban development on the adjacent Hilton Head Island. Maritime forests
made up most of the forest cover with patches of fields and ponds across the island.
Mist Netting and Tracking
We captured bats in mist-nets from May to August 2018 and 2019 on Palmetto
Bluff, Victoria Bluff Heritage Preserve, and Pinckney Island National Wildlife Refuge. In
2018 we placed two triple high mist-net pole sets (Bat Conservation and Management,
Inc. Carlisle, PA) at each net site along flight corridors including closed canopy roads,
trails, and ephemeral wetlands. In 2019 we used the same triple high set up and
opportunistically placed double high sets when possible. We used mist-nets that were 6
m, 9 m, and 12 m wide. We selected sites based on previous acoustic and capture records
to increase probability of capturing target species. We opened nets 10 minutes after
sunset and kept them open for at least 4 hours unless inclement weather prevented
netting. We checked nets every 8-10 minutes, removed and identified each bat to species,
and recorded weight, age class (adult or juvenile) based on joint ossification, forearm
length, sex, reproductive condition, injury, and documented presence of any parasites; we
banded individuals when possible. We classified females as non-reproductive, pregnant,
lactating (visible milk under skin), or post-lactating (no visible milk and nipple bare), and
males as non-reproductive (testes not descended) or reproductive (testes descended).
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We affixed radio transmitters to the interscapular region of tri-colored bats during
2019, and northern long-eared bats and northern yellow bats during 2018 and 2019. We
used 0.27 g LB-2X transmitters on tri-colored bats, 0.31g LB-2X transmitters on northern
long-eared bats, and 0.52 g LB-2 transmitters on northern yellow bats (Holohil Systems,
Ontario, Canada). We trimmed fur, cleaned the area with alcohol, and used surgical
adhesive (OSTO-BOND, Montreal Ostomy, Quebec, Canada) to attach the transmitter.
Transmitters were ≤ 5% of the bats’ body weights and all handling and tagging
procedures were conducted in accordance with the American Society of Mammalogists’
guidelines (Sikes et al. 2016) and approved by the Clemson University IACUC (#2017072) and U.S. Forest Service IACUC (#2018-002).
The day following radio-tagging and all subsequent days, we attempted to track
individuals to their roost tree using a receiver (Wildlife Materials, Murphysboro, IL) and
3 or 5 element antenna. If we could not locate an individual, we attempted to determine if
it was still in the area by listening for its transmitter frequency at night and identifying the
direction it was coming from to aid in the roost search the next day. We stopped looking
for an individual if we could not detect it for 5 days. If a roost was located on private
property, we gained permission from the landowner to access their property. We marked
each roost tree using an aluminum tag and recorded its location using a Trimble
GeoExplorer 2008 Series Global positioning System unit (Trimble Inc., Sunnyvale, CA)
and attempted to visually confirm the roost structure. When we could not visually
confirm a roost, we determined the most likely roost tree and conducted emergence
surveys when possible to locate the roost structure.
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We identified each roost tree to species, measured the diameter at breast height
(DBH) and tree height, and determined its canopy position (below canopy or not). For
analysis we grouped roost tree species into categories (Pinus spp., Quercus spp., and
other for tri-colored bats and Quercus spp., Sabal, and other for northern yellow bats); we
did not group tree species for northern long-eared bats. For tri-colored bats and northern
yellow bats we established a transect along a randomly selected bearing from one edge of
the roost tree canopy to the opposite edge, intersecting the middle of the plot. We
measured canopy diameter along this transect and counted number of Spanish moss
clumps that intersected the transect and were large enough to conceal a roosting bat. We
created a 0.05 ha (radius = 12.5 m) circular plot around each roost tree and measured
DBH of all trees ≥ 10 cm DBH and identified each to genus to estimate relative
abundance of different tree groups. Additionally, we measured canopy closure at the
roost tree and 6 m from the tree in each cardinal direction using a spherical densiometer
(Model-A, Forest Densiometers, Forestry Suppliers Inc., Jackson, MS) and averaged
these to obtain a canopy closure value for the plot. We also measured distance to nearest
tree and distance to nearest tree taller than the roost tree. To characterize midstory stem
density, we established a 25 m transect through the plot center along the same randomly
selected bearing as used to quantify Spanish moss and counted all stems ≥ 4 cm DBH and
< 10 cm DBH within 1 m of either side of the transect. We used ArcMap (10.5.1) to
calculate distance to the nearest freshwater pond, distance to the nearest road (paved or
unpaved), distance to salt marsh, distance to forest edge, distance to residential area, and
proportion of forest within 165 m (Broders et al. 2006); we assigned cover type based on
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the SCGAP raster (SCDNR 2001). Even though this is an older database we used it
because it most accurately represented forest cover type compared to other databases.
We created a buffer around each roost tree with a radius equal to either the
farthest distance an individual of the species moved between roosts or from the capture
site to first roost tree, whichever was greater (northern yellow bat radius = 1.08 km,
northern long-eared bat radius = 1.90 km, tri-colored bat radius = 4.25 km). This gave us
an estimate of the area potentially available to a bat during nightly movement. We took
this approach because of limited information on home range size or nightly movements
of these species in this region. Within each buffer we generated 10 random points using
the ArcMap extension Alaska Pak version 3.0.0 (NPS 2010). For each roost occasion
(i.e., day that a bat used a tree), we selected one random tree for the northern long-eared
bat (1:1) and two random trees for the tri-colored bat and northern yellow bat (1:2). To
select these trees, we randomly ordered the available points and selected the first two for
northern yellow bats and tri-colored bats and first one for the northern long-eared bat
because of time constraints. If more than one roost occasion occurred at a tree, we
progressively selected the random points until we had chosen enough available trees for
the number of roost occasions. When random points fell in salt marshes or ponds where
there were no trees, we removed the point and moved to the next one. At each selected
random point, we searched for the closest available tree to the point (usually within 10 m)
and collected all habitat measurements outlined above for the used roost tree. For
northern yellow bats available trees were 1) live broadleaved hardwood trees ≥ 10 cm
DBH, or 2) live cabbage palm trees (Sabal palmetto) ≥ 6 m in height. For tri-colored bats
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available trees were 1) live hardwood trees ≥ 10 cm DBH, or 2) live pine trees ≥ 10 cm
DBH. For northern long-eared bats available trees were 1) hardwood trees ≥ 10 cm DBH
with or without a basal cavity, or 2) pine trees ≥ 10 cm DBH. We defined availability for
each species based on the roost structures that were used by each.
Analysis
Based on previous literature, we developed six a priori models based on influence
of roost availability, forest cover type, thermoregulation and roost permanence,
movement ability around the roost, surrounding landscape resources, anthropogenic
disturbance on tri-colored bat (Table 1) and northern yellow bat (Table 2) roost selection.
We also fit a subglobal roost characteristics model and subglobal landscape
characteristics model. Due to small sample size we were unable to conduct roost selection
analysis for the northern long-eared bat. We scaled all continuous covariates prior to
analysis and screened for correlation of continuous covariates. We used discrete choice
models in R package “mlogit” (Croissant 2019) to analyze our data where response
variables were choice sets made up of one used tree and two available trees for each roost
event. We ranked models using Akaike’s Information Criterion corrected for small
sample size (AICc), and defined the confidence set of top models as those with ∆AICc ≤
4. We defined important covariates by 85% confidence intervals that did not overlap zero
(Arnold 2010). We used our top model for each species to conduct 10-fold cross
validation using 80% of our data to train the model and the remaining 20% to test the
model (Boyce et al. 2002). We present proportion of test data choice sets in which the
model correctly identified the used tree. For these proportions, 1.0 indicates perfect
performance of the model and 0.50 indicates that the model performed no better than
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random. We present covariate values as

. We used Program R version 3.6.1 (R

Core Team 2019) for all analyses.
RESULTS
We mist-netted 32 nights in 2018 and 26 nights in 2019. In 2018 we captured 170
bats: 46 tri-colored bats, 41 evening bats (Nycticeius humeralis), 39 seminole bats (L.
seminolus), 29 big brown bats (Eptesicus fuscus), eight eastern red bats (L. borealis), five
southeastern myotis (M. austroriparius), one northern long-eared bats, and one northern
yellow bat. In 2019 we captured 151 bats: 36 tri-colored bats, 35 evening bats, 32
seminole bats, 32 big brown bats, six eastern red bats, five northern yellow bats, three
northern long-eared bats, and two southeastern myotis.
We radio-tagged and tracked two non-reproductive adult male northern longeared bats at Palmetto Bluff. When we were able to conduct roost emergences or visually
confirm the individual in the roost, we only observed bats roosting solitarily. One
northern long-eared bat was captured and tracked in both 2018 and 2019 and one was
captured and tracked in 2019. We tracked northern long-eared bats for an average of 7.3
± 1 days (range 6-8) and identified seven roost trees. Northern long-eared bats stayed in
roosts for 2.2 ± 1.7 days (range 1-5) and the mean distance between subsequent roost
trees was 224 ± 187 m (range 67-533). The individual that we tracked in 2018 and 2019
used live slash pines (P. elliottii) as roosts in both years, two in 2018 and three in 2019.
The other bat used two live water tupelo (Nyssa aquatica). All roosts in the slash pine
were under bark, and those in water tupelo were in cavities with basal openings, one of
which had a cavity opening that was approximately 3 m tall. On average, canopy closure
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surrounding roost trees was slightly (1.08 times) higher than around random trees, but
tree height, DBH, plot basal area, and number of midstory stems were similar between
roost and random trees (Table 3). Distances to various landscape features were highly
variable among used and available trees; however, on average roost trees were slightly
closer to freshwater (1.4 times closer) and roosts had a slightly higher average proportion
of forest (1.08 times higher) within 165 m than random trees (Table 3).
We radio-tagged and tracked seven tri-colored bats (one juvenile female, two
juvenile males, three adult females, and one adult male) for an average of 4.5 ± 2.5 days
(range 1-9). Five bats were captured and tracked at Palmetto Bluff and two at Pinckney
Island National Wildlife Refuge. We tracked bats to 25 roost trees (3.8 ± 2.3 roost trees
per bat, range 1-8). Tri-colored bats spent 1.3 ± 0.5 days (range 1-3) in a roost and
average distance between subsequent roosts was 107 ± 84 m (range 6–294 m). Used tree
species were live Liquidambar styraciflua (n = 7), Quercus virginiana (n = 7), Celtis
laevagata (n = 3), Q. laurifolia (n = 2), Q. nigra (n = 2), Acer rubrum (n = 1), Magnolia
grandiflora (n = 1), M. virginiana (n = 1), and P. taeda (n = 1). We visually confirmed
use of Spanish moss and dead foliage roosts for this species and did not find evidence
that tri-colored bats used roosts other than foliage. Of the 25 roosts, we confirmed that 13
were in Spanish moss, two were in dead foliage, and nine were in unidentified roosts that
we presumed were Spanish moss because of high density of it on the tree and there were
no other apparent roost structures; one roost was in an unknown foliage roost (presumed
dead foliage). We only observed bats roosting alone. On average, DBH, canopy closure,
and density of Spanish moss were higher (1.30, 1.18, and 7 times higher respectively) in
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used trees than available trees (Table 3). Used sites on average had lower proportion of
pine trees (2.20 times lower) and higher proportions of oak trees in the surrounding plot
than available (1.79 times higher); distance to all landscape features was highly variable
between used and available trees (Table 3). Distance to residential areas ranged from
within residential yards to almost 1.6 km away.
We modeled tri-colored bat roost tree selection from 32 choice sets. The roost
structure availability model was the top model and carried 0.94 of model weight (Table
4). Important covariates in this model were Pinus spp. and Spanish moss density (Table
5). Relative probability of selection was negatively related to Pinus spp., indicating that
tri-colored bats avoided pine trees, and positively related to Spanish moss density (Figure
2a). The proportion of test cases where the model correctly identified the true roost was
0.83 indicating that out model correctly predicted the used tree 83% of the time.
We radio-tagged six adult male northern yellow bats and tracked them to 27 trees
(one bat to seven trees in 2018 and five bats to 20 trees in 2019) for an average of 4.5 ±
2.9 (range 1 – 12) trees per bat. We tracked northern yellow bats for an average of 9.2 ±
5.4 days (range 1-12) and they spent 1.3 ± 0.6 days (range 1-3) per roost tree. Average
distance between subsequent roosts was 299 ± 284 m (range 52–1078). Used trees were
live S. palmetto (n = 12), Q. virginiana (n = 6), N. aquatica (n = 3), Q. laurifolia (n = 3),
Q. nigra (n = 2), and Q. chapmanii (n = 1). We visually confirmed use of Spanish moss
for three individuals and dead palm fronds for two. Of the 27 roosts, 12 were in dead
cabbage palm fronds, seven were in Spanish moss, and eight were in canopy roosts that
we presumed were in Spanish moss because of density of Spanish moss on the tree and
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there were no other apparent possible roost structures. All individuals that we observed
appeared to be roosting alone. Individuals were consistent in use of one roost tree type
and we did not document individuals switching between Spanish moss or foliage roosts
in hardwood trees and dead palm fronds. On average, used trees had variable but slightly
larger DBH (1.32 times higher), higher canopy closure (1.17 times higher), and were
similar in height to those that were available (Table 3). Density of roost structures on
used trees was higher than on available trees (5.66 times higher) and proportion of pine
trees in the surrounding plot was lower at used trees than available ones (1.56 times
lower) (Table 3). Distance to landscape features was variable, but on average used trees
were marginally closer to freshwater, salt marsh, and residential cover (1.29, 1.47, 1.80
times closer respectively) (Table 3). Distance to residential area ranged from within
residential yards to approximately 370 m away.
We modeled northern yellow bat roost selection from 37 choice sets. The roost
structure availability model was the top model holding 0.93 of model weight (Table 4).
Important covariates in this model were Sabal spp. and roost structure density (Table 5).
Relative probability of selection was positively related to Sabal spp. and roost structure
density (Figure 2b). The proportion of test cases where the model correctly identified the
true roost was 0.84 indicating that out model correctly predicted the used tree 84% of the
time.
DISCUSSION
We found that roost structure abundance and tree species, as opposed to landscape
characteristics, was important in determining roost selection for both tri-colored bats and
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northern yellow bats. Across bat species, various tree characteristics, especially those
associated with roost structures, are important in determining selection (Menzel et al.
2002; Kalcounis-Rüppell et al. 2005; Rhodes and Wardell-Johnson 2006; Perry and Thill
2007a; Poissant et al. 2010). When sites have high densities of roost structures,
individuals have multiple options that they may choose from, providing the opportunity
to select structures that best suit their ecological needs. It is possible that landscape
features are important, but only when roost structures are evenly distributed or abundant
across the landscape (Miles et al. 2006; Castleberry et al. 2020). Our roost selection
results highlight that roost availability is likely limited to specific areas on the landscape.
The two northern long-eared bats that we tracked used different roost sites and
forest types from each other but displayed some similar roosting behavior to other
individuals in coastal South Carolina. The northern long-eared bat that we tracked in
2018 and 2019 used the bark of live P. elliottii trees which were in sites dominated by
even aged pine. In contrast, the northern long-eared bat we tracked in 2019 used only N.
aquatica with basal cavities in sites dominated by oak species. Use of both bark and basal
cavity roosts have been reported elsewhere on the coast of South Carolina (Kindel 2019).
Roost trees were similar in height and canopy closure between the individuals, but the
pine roosts were smaller in diameter than the N. aquatica, likely due to the use of basal
cavities which form in large, old trees. Canopy closure values for all trees in our study
(on average 90%) were higher than other northern long-eared bat roosts in parts of the
southeast (74.5% for males and 66% for females) (Perry and Thill 2007a), and much
higher than roosts at higher latitudes (41%) (Jung et al. 2004). Many species of bats
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select roosts with lower canopy closure to maximize solar exposure (Fabianek et al.
2015). It is possible that at lower latitudes where temperatures are higher, solar exposure
is not as important to roost use.
Over the course of our study we did not capture any female northern long-eared
bats, and only three males, one of which was too small to affix a transmitter to. One
individual either remained resident or returned to the same area between years (capture
site in 2019 was about 350 m from 2018 roost trees), but overall, we still know very little
about the reproductive and population ecology of this species in the region. Populations
in our study area are at the southernmost extent of the known range along the Atlantic
coast (White et al. 2018) and it is possible that this species is in low numbers at the
periphery of the range. Additionally, individuals may be impacted by habitat
fragmentation around our study areas making it difficult to colonize from other patches
(Bennett and Saunders 2010; Chaverri and Kunz 2011).
While tri-colored bats in our study did not select oak trees over other species as
observed in Veilleux et al. 2003, they did avoid pine trees and selected roost trees that
had high densities of Spanish moss in line with our predictions. Broadleaved trees not
only provide adequate structure for Spanish moss to grow (Garth 1964), they also provide
dead foliage clumps, both of which can be used for roosting (Menzel et al. 1999; Veilleux
et al. 2003). Tri-colored bats in Nova Scotia select roost trees and roost areas that have
high densities of Usnea trichodia, a lichen that provides similar structure to Spanish moss
(Poissant et al. 2010). Although we did not quantify amount of Spanish moss in trees
surrounding roosts for our analysis, Spanish moss is likely to be present in stands
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surrounding a colonized tree because it spreads to neighboring trees from colonized ones
(Garth 1964).
Tree and site characteristics used by tri-colored bats in our study varied from
those used in other parts of the species range. Individuals that we tracked used trees with
slightly higher percent canopy closure (85%) and larger DBH (52.4 cm) than available
and had higher values than reported by other studies (58% and 24.3-26.5 cm respectively)
(O’Keefe et al. 2009; Poissant et al. 2010). Bats that roost in sites with low canopy
closure may experience warmer temperatures due to more solar exposure, which helps
save energy if they take advantage of passive rewarming (Turbill et al. 2003).
Alternatively, sites with high canopy closure may better insulate roosting bats from sun
exposure (Veilleux et al. 2004) which may be useful at low latitudes where temperatures
are high. Although not an important covariate in our selection analysis, the proportion of
oak trees in the area surrounding roost trees was higher than around available trees. These
results are similar to those of Veilleux et al. (2003) who found preference for roost trees
in forests that had more oaks.
As we predicted, relative probability of selection by northern yellow bats was
higher for cabbage palm trees compared to other tree groups and increased with density
of Spanish moss or dead palm fronds. While relative probability of selecting oak trees
was not different than other trees, we think oaks may be important because they
accounted for 44% of used trees and were used the majority of the time in other study
areas (Menzel et al. 1999; Coleman et al. 2012; Castleberry et al. 2020). Oaks and
cabbage palms as well as other hardwoods provide roost structures like Spanish moss and
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dead palm fronds that may benefit this species. Dead cabbage palm fronds and Spanish
moss match the coloration of the northern yellow bat and thus, likely provide camouflage
from predators. These structures may also protect individuals from storms by repelling
rain and keeping the bat dry (Hutchinson 2006; Castleberry et al. 2020). While it is still
unclear why some individuals used only Spanish moss or hardwood foliage roosts and
others used only dead palm fronds, individuals never overlapped in the use of both roost
structures. Exclusive use of a single structure may be a result of intraspecific competition;
however, it does not seem that structures were limited on the landscape given apparently
low population sizes of northern yellow bats, or other species that use Spanish moss in
relation to its abundance on the landscape.
Our results differed in some ways from the other roost selection study on northern
yellow bats in Georgia. Castleberry et al. (2020) found that roost tree DBH was higher
than surrounding trees and while on average, DBH of roost trees in our study was slightly
higher than available trees (Table 3), roost trees were highly variable in diameter (range
16.4-164.1 cm). Northern yellow bats in Georgia also select trees with more clearance
below the roost than below available trees. We did not measure clearance directly below
roosts, but midstory density, which would reflect similar open flight space around the
roost tree, was not different between used and available trees.
Counter to our predictions, we found that landscape features were not important
in determining roost site use and selection for any species. Other studies indicate that
proximity to landscape features, such as freshwater, roads, and nearby roosts, are
important in roost selection (Veilleux et al. 2004; Perry et al. 2008; O’Keefe et al. 2009;
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Poissant et al. 2010; Castleberry et al. 2020). We observed that on average northern
yellow bats roosted closer to freshwater, salt marsh, and residential areas, and that
northern long-eared bat roost trees were always surrounded by > 92% of forest within
165 m. Features like freshwater, salt marsh, and various forest stands provide access to
drinking water, foraging areas, and alternate roosts, but may be secondarily important to
abundance of roost structures and specific roost trees (Miles et al. 2006). Castleberry et
al. (2020) suggested that landscape features may only be important when roost structures
are ubiquitous across the landscape. The importance of roost structures relative to
surrounding characteristics may explain why our landscape model did not receive support
in the selection analysis. If specific roost structures (e.g., Spanish moss or palm fronds)
are not available equally across the landscape, individuals may not have the flexibility to
select sites close to important landscape features, highlighting that selection is a
hierarchical process (Johnson 1980). It is also possible individuals in our study were able
to efficiently commute to important landscape resources such as foraging areas and
freshwater, reducing the need to roost close to them. In our study area, features like
freshwater and fields (which could be used for foraging by the tri-colored bat and
northern yellow bat) were distributed relatively homogenously and in some cases in close
proximity to one another. Even distribution of these landscape features and close
proximity to one another may limit the need for bats to select roosts close to these
features. Finally, it is also possible that the buffers which we used to measure availability
did not capture sufficient variability in distances to landscape features. Other studies on
these species quantified availability at the landscape scale by placing points across the

19

whole study area (Castleberry et al. 2020), likely capturing more variation in the
landscape and as a result, were able to detect patterns of landscape scale roost selection.
However, quantifying availability without using species movement metrics may
overestimate what is available to individuals.
Contrary to our prediction, we also did not find evidence that individuals of any
focal species avoided residential development when selecting roosts. Some northern
yellow bats roosted in residential yards, some tri-colored bats roosted next to ongoing
construction, and two northern long-eared bat roosts were < 300 m from ongoing
construction. Low-density housing that retains forest patches may leave appropriate
roosts for some species even within urbanized areas (Rhodes and Wardell-Johnson 2006).
However, differences in response to urbanization are likely related to not only speciesspecific roost characteristics, but also degree of urbanization. Housing density and
disturbance in our study area may not have been high enough to impact the three focal
species. However, roost selection that occurs within a gradient which includes a more
developed urban area may be impacted by development density because urbanization can
negatively impact bats (Frick et al. 2019).
Our study provides important ecological information for species that are
understudied in this region. However, habitat selection of females, particularly
reproductive ones, is not well understood for all these species in the Coastal Plain. For
example, other studies on the northern yellow bat have also captured few females
(Coleman et al. 2012; Castleberry et al. 2020). In addition, the small number of pregnant
northern long-eared bats that have been tracked elsewhere on the coast of South Carolina
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used roosts with much lower canopy closure (20-60%) than the males in our study (90%)
(Kindel 2019) which may relate to differing physiological needs and torpor patterns
between sexes (Grinevitch et al. 1995). Because habitat selection may vary by
demographic and reproductive group (Veilleux et al. 2004; Perry and Thill 2007a)
conducting selection studies for these groups separately, as well as further investigation
of reproductive periods and population dynamics in this region is critical.
All three species switched roosts multiple times during tracking periods, although
northern long-eared bats switched roosts less frequently than tri-colored and northern
yellow bats, which switched roosts almost every day. Additionally, the tri-colored bats
and northern yellow bats we tracked switched roosts more frequently than reported by
others (O’Keefe et al. 2009; Coleman et al. 2012). Switching roosts is a tactic to reduce
parasite loads and predation risk, and to access more suitable microclimates (Lewis 1995;
Lausen and Barclay 2002). In addition, switching roosts frequently may relate to roost
permanence and potential loss of roosts (Lausen and Barclay 2002). If some roost
structures are impermanent (e.g., foliage roosts like Spanish moss or dead foliage),
adaptations that facilitate the ability to use multiple roosts would benefit individuals by
allowing them to be flexible when roosts are lost. While reuse of trees occurred
sporadically, northern yellow bats and tri-colored bats typically used new trees in
proximity to old ones, displaying fidelity to an area as opposed to a specific tree. This has
been documented in foliage roosting species, and specifically in other tri-colored bat and
northern yellow bat populations (Veilleux and Veilleux 2004; Castleberry et al. 2020).
Frequent roost switching in our study highlights the importance of the conservation of
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forests that provide many suitable roost trees with adequate foliage and Spanish moss
roost structures. Bats switch roosts when their physiological or ecological needs are not
being met (Lewis et al. 1995) and thus the presence of many roost options nearby is
important to their survival
Bat populations across the eastern United States face a variety of conservation
threats. In the Coastal Plain of South Carolina, the predominate threat to bats is human
disturbance. Loss of forests as a result of land use change removes critical roosting
structures, ultimately impacting tree roosting species (Russo and Ancillotto 2014). By
identifying features used by the northern long-eared bat, tri-colored bat, and northern
yellow bat, we provide information for managers making decisions about how to manage
land for these species. Overall, our results highlight the importance of roost structure
availability and the conservation of bottomland and maritime forests with a diversity of
hardwood trees that foster the growth of Spanish moss (Garth 1964) and dead foliage.
Further, retention of dead palm fronds which are often removed for aesthetic purposes
will leave more roost structures on the landscape for these species. Frequency of roost
switching in our study further highlights the importance of conserving forest stands that
have abundant roost structures for these species. Additional study on all these species in
this region is needed to better understand habitat associations and how selection varies
among demographic groups, particularly females. Given the species’ declines elsewhere
in their ranges, this information will allow for development of conservation strategies that
retain critical habitat features for these species of special concern.
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TABLES
Table 1. A priori models for tri-colored bat roost selection at three study areas in the Coastal Plain of South Carolina in
summer (May-August) 2018 and 2019.
Model

Covariate

Prediction

Citation

1. Roost Structure Availability

Roost Tree Category

Veilleux et al. 2003

Stand Composition

Select for Quercus spp.
Select for trees with higher Spanish moss
density
Select for Maritime and Bottomland Forests

Tree Dominance

Select for codominant trees

Veilleux et al. 2003

Roost Tree DBH

Select for larger DBH trees

Castleberry et al. 2008

Distance to Nearest Taller Tree

Select for trees closer to nearest taller tree

Canopy Closure

Select for sites with low canopy closure

Midstory Stem Density

Overstory Stem Density

Select for sites with low midstory stem density
Select for sites with higher overstory basal
area
Select for sites low overstory stem density

Veilleux et al. 2003
O'Keefe et al. 2009, Perry and Thill
2007a
Veilleux et al. 2003

Distance to freshwater

Select for sites closer to freshwater

Veilleux et al. 2004

Distance to edge

Select for sites closer to openings

O'Keefe et al. 2009

Distance to Residential Cover

Select for sites closer to residential cover

O’Keefe et al. 2009

Distance to roads

Select for sites closer to roads

O’Keefe et al. 2009

Spanish moss density
2. Cover Type
3. Thermoregulation and Roost
Permanence

4. Movement Ability

Overstory Basal Area

5. Landscape Resources

6. Anthropogenic Disturbances

Subglobal Roost Characteristics
Subglobal Landscape Characteristics

Menzel et al. 1999
Perry et al. 2007, Menzel et al. 1999

Perry and Thill 2007a
Perry and Thill 2007a

Combination Roost tree, Spanish moss density, roost tree DBH, distance to
nearest taller tree, basal area, midstory stem density, and overstory stem density
Combination of landscape resources and anthropogenic disturbances
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Table 2. A priori models for northern yellow bat roost selection at three study areas in the Coastal Plain of South Carolina in
summer (May-August) 2018 and 2019.
Model

Covariate

Prediction

Citation

1. Roost Structure Availability

Roost tree group

Select for Quercus spp. and Sabal Palmetto trees

Coleman et al. 2012, Castleberry et al. 2020

Roost structure density

Select for higher Spanish moss and dead palm frond density

Menzel et al. 1999

Cover type

Select for maritime forest stands

Castleberry et al. 2020

Tree dominance

Select for subdominant trees

Coleman et al. 2012, Castleberry et al. 2020

Canopy closure

Select for higher canopy closure

Castleberry et al. 2020

Diameter at breast height

Select for higher DBH

Coleman et al. 2012, Menzel et al. 1999

Midstory stem density

Select for lower stem density

Castleberry et al. 2020

Overstory stem density

Select for lower overstory stem density

Coleman et al. 2012

Overstory basal area

Select for higher overstory basal area

Castleberry et al. 2020

Distance to freshwater

Select trees closer to water

Castleberry et al. 2020

Distance to salt marsh

Select trees closer to salt marsh

Castleberry et al. 2020

Distance to edge

Select tree closer to hard edge

Castleberry et al. 2020

Distance to road

Select for closer to roads

Perry et al. 2008

Distance to residential cover

Select for closer to residential cover

Castleberry et al. 2020

2. Cover Type
3. Roost Protection and Permanence

4. Movement Ability

5. Landscape Characteristics

5. Anthropogenic Disturbances

Subglobal Roost Characteristics
Subglobal Landscape Characteristics

Combination of tree group, roost structure density, roost tree DBH, dominance class,
canopy closure, midstory stem density, basal area, and overstory stem density
Combination of landscape characteristics and anthropogenic disturbance
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Table 3. Mean and standard deviation of covariates for northern long-eared bat, tricolored bat, and northern yellow bat roost and available trees in Bluffton SC, summer
2018 and 2019.
Used
Available
Covariate
Mean
SD
Mean
SD
Northern long-eared bat
Tree Height (m)
19.9
1.7
20.8
6.3
Distance to Nearest Taller Tree
7.0
5.7
5.1
3.7
DBH (cm)
46.0
22.0
40.6
15.3
Canopy Closure (%)
90
5
83
10
2
Site Basal Area (m )
1.9
1.1
1.4
0.5
Overstory Stem Count (# of stems)
18.7
10.8
24.5
12.5
Midstory Stem Density (# of stems)
2.4
2.1
3.6
4.3
Distance to Freshwater (m)
512.3
238.4
717.1
758.4
Distance to Road (m)
127.4
133.3
180.8
102.0
Distance to Residential Cover (m)
1343.7
903.3 1890.2
1524.5
Proportion Forest within 165 m
0.98
0.03
0.91
0.10
Proportion Pine in surrounding plot
0.69
0.44
0.69
0.27
Proportion Oak in surrounding plot
0.18
0.30
0.12
0.14
Proportion Other in surrounding plot
0.13
0.19
0.19
0.27
Tri-colored bat
Tree Height (m)
19.3
6.7
19.0
6.0
Distance to Nearest Taller Tree
5.8
3.5
5.9
2.7
DBH (cm)
52.4
21.3
40.4
15.3
Canopy Closure (%)
85
8
72
12
Site Basal Area (m2)
1.8
0.7
1.2
0.6
Overstory Stem Count (# of stems)
14.4
8.2
15.8
9.4
Spanish moss Density (structure/m)
1.4
1.1
0.2
0.4
Midstory Stem Density (# of stems)
2.7
2.3
2.8
2.8
Distance to Freshwater (m)
475.9
243.9
511.9
409.0
Distance to Road (m)
135.2
94.0
189.1
197.5
Distance to Residential Cover (m)
766.4
507.9
843.5
809.8
Distance to Hard Edge (m)
89.5
63.9
75.5
80.3
Proportion Pine in surrounding plot
0.24
0.28
0.53
0.38
Proportion Oak in surrounding plot
0.43
0.33
0.24
0.28
Proportion Other in surrounding plot
0.33
0.22
0.23
0.31
Northern yellow bat
Tree Height (m)
14.3
4.8
14.1
4.6
Distance to Nearest Taller Tree
5.5
3.1
3.9
2.4
DBH (cm)
44.8
25.1
34.0
16.6
Canopy Closure (%)
88
7
75
15
2
Site Basal Area (m )
1.79
0.60
1.48
0.61
Overstory Stem Count (# of stems)
17.7
7.7
19.1
9.1
Roost Structure Density (structure/m)
1.7
1.0
0.3
0.5
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Midstory Stem Density (# of stems)
Distance to Freshwater (m)
Distance to Salt Marsh (m)
Distance to Road (m)
Distance to Residential Cover (m)
Distance to Hard Edge (m)
Proportion Pine in surrounding plot
Proportion Oak in surrounding plot
Proportion Sabal in surrounding plot
Proportion Other in surrounding plot

2.0
282.3
196.5
246.9
99.8
72.8
0.34
0.34
0.10
0.22

1.7
230.8
156.5
167.0
127.3
63.8
0.28
0.28
0.13
0.24

2.1
365.5
288.5
233.1
179.5
81.6
0.53
0.24
0.06
0.17

2.4
276.6
290.6
229.5
166.6
88.5
0.26
0.21
0.12
0.22
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Table 4. Discrete choice models, number of parameters (K), model LogLiklihood, AICc, difference between model
AICc and lowest AICc value (∆ AICc), model weight, and cumulative model weight of summer roost selection
models for tri-colored bats (2019) and northern yellow bats (2018 and 2019) in Bluffton, SC.
Model
K LogLiklihood AICc ∆ AICc
Weight Cumulative Weight
Tri-colored bat
Roost Structure Availability
3
-10.50 27.80
0.00
0.94
0.94
Roost Characteristics Sub-global
8
-6.00 34.30
6.50
0.03
0.97
Roost Permanence
3
-13.90 34.70
6.90
0.03
1.00
Site Clutter
3
-24.00 54.90
27.10
0.00
1.00
Cover Type
2
-29.40 63.20
35.50
0.00
1.00
Anthropogenic Disturbance
2
-33.10 70.70
42.90
0.00
1.00
Landscape Resources
2
-34.80 74.10
46.30
0.00
1.00
Landscape Characteristics Subglobal
4
-32.90 75.20
47.50
0.00
1.00
Northern yellow bat
Roost Structure Availability
3
-14.20 35.10
0.00
0.93
0.93
Roost Characteristics Sub-global
9
-7.90 40.40
5.30
0.06
0.99
Roost Permanence
3
-19.20 45.10
10.00
0.01
1.00
Site Clutter
3
-34.10 75.00
39.90
0.00
1.00
Anthropogenic Disturbance
2
-35.80 76.00
40.90
0.00
1.00
Landscape Characteristics Subglobal
5
-33.80 79.00
44.40
0.00
1.00
Landscape Resources
3
-36.90 80.60
45.50
0.00
1.00
Cover Type
2
-40.30 85.00
49.90
0.00
1.00
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Table 5. Estimates, standard errors, and 85% confidence intervals for covariates in top
models for tri-colored bat (2019) and northern yellow bat (2018 and 2019 summer roost
selection in Bluffton, SC. Bold indicates important covariates given 85% confidence
intervals that do not overlap zero.
Covariate
Estimate
SE
Lower CI Upper CI
Tri-colored bat
Pinus
-2.07
1.16
-3.74
-0.41
Quercus
-1.09
1.20
-2.82
0.65
Spanish Moss Density
2.52
0.86
1.28
3.77
Northern yellow bat
Quercus
1.44
1.02
-0.03
2.91
Sabal
1.82
1.22
0.07
3.58
Roost Structure Density
2.11
0.55
1.32
2.91
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FIGURES

Figure 1. Study Areas in Bluffton, SC, USA.
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(a)

(b)

Figure 2. (a) Relative probability of summer roost selection for tri-colored
bats based on Spanish moss density in Quercus spp., Pinus spp. and other
trees, and for (b) northern yellow bats based on roost structure density in
Quercus spp., Sabal spp. and other trees in coastal South Carolina, 2018
and 2019.
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CHAPTER 2: NOCTURNAL HABITAT USE OF BAT SPECIES OF
CONSERVATION CONCERN IN THE CHANGING LANDSCAPE OF COASTAL
SOUTH CAROLINA

INTRODUCTION
Bats across the world rely on forests throughout various stages of their life. But,
forests are threatened by human dominance over the landscape, particularly in terms of
intensive logging, agriculture, and urbanization, which rank as some of the most urgent
threats to bat conservation (Frick et al. 2019). Replacement of natural landcover by
human land uses leaves a mosaic of fragmented habitat of varying quality (Bennett and
Saunders 2010) and removes forest features that are used for nocturnal activity and
foraging areas (Russo and Ancillotto 2014). Thus, forest loss, fragmentation, and
degradation can negatively impact bats’ ability to acquire resources, reproduce, and
ultimately sustain populations.
During the nightly activity period, bats search for food, freshwater, and roosts.
However, species use forests and landscapes differently based on their morphological and
ecological traits. Small and maneuverable species exploit cluttered forests (areas with
dense vegetation), large fast flying species exploit open areas, and some species exploit
edges between forests and open areas (Aldridge and Rautenbach 1987). Thus, a diversity
of forest structures is important so that many species’ needs can be met. Other landscape
features are also important for facilitating bat habitat use during nocturnal periods. Linear
corridors including low-use forest roads and hard edges provide areas that some bats use
for foraging and commuting (Morris et al. 2010; Amelon et al. 2014). Such features are
especially important for large species that require open areas for foraging and movement
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(Ford et al. 2006). Water features such as freshwater ponds and streams provide drinking
water and abundant insects for foraging (Ford et al. 2006; Moore and Best 2018;
Ancillotto et al. 2019). The loss or addition of forests, corridors, and freshwater sources
can impact bat species’ habitat use by causing changes in resource availability (Owen et
al. 2003; Ethier and Fahrig 2011; Parker et al. 2019). Nightly habitat use also may vary
by season when forest structure and resource availability shift. Research into bat habitat
use typically occurs in summer (Loeb in review) and this precludes understanding of how
bats use habitat across seasons (Weller et al. 2009). In the southeastern United States
where winters are mild, bats can be active and forage during winter (Grider et al. 2016).
However, seasonal changes in insect and vegetation communities may cause shifts in
how bats use habitat.
The northern long-eared bat (Myotis septentrionalis), southeastern myotis (M.
austroriparius), tri-colored bat (Perimyotis subflavus), and northern yellow bat (Lasiurus
intermedius) are all species of conservation concern and year-round residents of the
South Carolina Coastal Plain. Three of these species (the northern long-eared bat,
southeastern myotis, and tri-colored bat) can be infected by the fungal pathogen
associated with white nose syndrome (WNS). Northern long-eared bat populations have
experienced steep declines throughout many parts of their range due to WNS and are
federally listed as a threatened species. Northern long-eared bats were discovered in the
Coastal Plain of South Carolina in 2016 and 2017 (White et al. 2018). These captures
expanded the known range of the species which had only previously been documented in
the upper Piedmont and Blue Ridge ecoregions of the state. During nocturnal activity
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periods, this small and maneuverable species exploits interior forests where it can glean
resting insects (Patriquin and Barclay 2003). The tri-colored bat, which uses edges along
open habitat in its nocturnal activity period (Morris et al. 2010), has also experienced
severe declines due to WNS in the upstate of South Carolina and is currently under
review for protected status under the Endangered Species Act (USFWS 2017). The
southeastern myotis is a highest priority threatened species in South Carolina, partially
due to limited remaining habitat (Kindel 2017). Typical habitat for this species is swamp
and bottomland forests (Menzel et al. 2005; Medlin and Risch 2008; Clement and
Castleberry 2013) which are declining throughout the southeast. At least one southeastern
myotis in Alabama was infected with WNS, however, populations do not yet seem to be
greatly affected by the disease (USGS 2017) and habitat loss is likely the most critical
conservation issue (BCI and SBDN 2013). While populations of these species may be
impacted by WNS, the Outer Coastal Plain of South Carolina is a region devoid of caves
and mines where conditions are amenable to the growth of the fungus. Thus, WNS likely
does not pose a significant conservation threat in this region compared to others. The
northern yellow bat is a species of special concern in South Carolina and while some
limited research has been conducted on roosting ecology (Constantine 1958; Ivey 1959;
Menzel et al. 1999; Hutchinson 2006; Coleman et al. 2012; Castleberry et al. 2020), no
research on nocturnal habitat use has been conducted. The southeastern Atlantic and Gulf
coasts are the only places in the United States where the northern yellow bat occurs.
Mortalities have been documented at wind energy sites (Arnett and Baerwald 2013) and
other anthropogenic structures such as towers (Crawford and Baker 1981), and while
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such cases occur, they do not appear to be major causes of mortality. These species face a
variety of conservation threats across their ranges. However, the greatest conservation
threat in the Coastal Plain of South Carolina is likely habitat loss due to expanding
anthropogenic land use.
Understanding seasonal habitat use for all of these species is necessary to inform
conservation and management in this region where the predominate threat is habitat loss.
Our objective was to determine habitat characteristics associated with nocturnal habitat
use during summer and winter for Myotis spp., tri-colored bats, and northern yellow bats
in coastal South Carolina. We hypothesized that habitat use would vary based on
morphology of the species or species group as well as by season for some species
(Norberg and Rayner 1987). Specifically, we predicted that in summer Myotis spp. would
use interior forest sites while tri-colored bats and northern yellow bats would use nonforested sites and sites associated with hard edges (Ford et al. 2006; Morris et al. 2010;
Jantzen and Fenton 2013). We predicted that all species or groups would use sites in
close proximity to landscape features such as freshwater, roads for commuting, and
nearby potential foraging areas. Additionally, we predicted that Myotis spp. would use
sites surrounded by a high proportion of forest, while tri-colored bats and northern yellow
bats would use sites surrounded by low proportions of forest (Ivey 1959; Ford et al. 2006;
Starbuck et al. 2015). We also predicted that Myotis spp. would use study areas that were
predominately forested while tri-colored bats and northern yellow bats would use study
areas with low amounts of forest (Morris et al. 2010; Starbuck et al. 2015). Finally, we
predicted that Myotis spp. and northern yellow bats would use sites far from human
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disturbance, while tri-colored bats would use sites close to human disturbance (Johnson
et al. 2008; Starbuck et al. 2015; Rodríguez-Aguilar et al. 2017). In addition, we
hypothesized that habitat use by some species would vary across seasons due to changing
forest structure and resource availability. Specifically, we predicted that that there would
be no difference in habitat use between seasons for Myotis spp. but that tri-colored bats
and northern yellow bats would shift from using open sites to using forested sites and to
upland and bottomland forest habitat types during winter (Burles et al. 2009).
METHODS
Study Area
This study took place at three areas in Beaufort County (32.35 , -80.69) in the
southern Coastal Plain of South Carolina: Palmetto Bluff, Pickney Island National
Wildlife Refuge, and Victoria Bluff Heritage Preserve (See Figure 1, Chapter 1). All
three study areas are located within the southeastern climate region (Karl and Koss 1984).
Average temperature during the winter (December-March) is 11.8⸰C and average total
precipitation is 33 cm; average temperature during the summer survey period (MayAugust) is 26.2⸰C with an average total precipitation of 52 cm (20-year average; NOAA
2020). Habitat types in all three study areas included upland forests (pine savannahs,
mixed hardwood-pine forests, and maritime forests), bottomland forests, ponds,
maintained fields, and salt marshes. Palmetto Bluff is a 5,165 ha multi-use property that
consisted of low-density housing, areas that were zoned for future development of
suburban housing, and 132 ha under conservation protection or easement which cannot
be developed. The areas we surveyed at Palmetto Bluff were made up of approximately
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96% upland forest, 1% bottomland forest, < 1% fields, < 1% ponds, 2% residential cover,
and had about 42 km of salt marsh edge. Pinckney Island is an approximately 1,640 ha
National Wildlife Refuge. Pinckney Island was made up of approximately 87% upland
forest, 4% bottomland forest, 7% fields, 2% ponds, and had about 33 km of salt marsh
edge. Victoria Bluff is an approximately 470 ha state-owned heritage preserve
surrounded by suburban development. Victoria Bluff was made up of approximately 74%
upland forest, 23% bottomland forest, 3% fields, and had approximately 4 km of salt
marsh edge; no freshwater ponds were on this property. Neither Pinckney Island nor
Victoria Bluff contained significant urban cover on their property, but both were
bordered by varying degrees of residential or high intensity urban development.
Acoustic Sampling
We used Anabat Express acoustic detectors (Titley Scientific, Columbia, MO) to
record bat passes February through March 2018, December 2018 through March 2019,
and May through August 2018 and 2019 on Palmetto Bluff, Victoria Bluff, and Pinckney
Island National Wildlife Refuge. We stratified our sampling among five habitat types:
upland forest, bottomland forest, open field, along salt marsh edges, and freshwater
ponds. We used ArcMap (version 10.5.1, ESRI, Redlands, CA) to create tessellation grids
over all study areas where each cell was 0.4 ha to allow for flexibility of detector
placement. We removed cells that contained > 1 habitat type or hard edges to reduce the
likelihood that we were recording bats using a different habitat type than that associated
with the cell. From the remaining grid we selected cells based on a Generalized Random
Tessellation Stratified (GRTS) sampling design using R package “Spsurvey”. We
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restricted salt marsh cells to those that had one edge touching land in order to assure
access to a site and to avoid loss of detectors due to high tide. As ponds are discrete
landscape features, they were not included in the GRTS sampling framework. Instead, we
assigned each pond a number, randomly ordered them, and selected the first 25 ponds to
survey. We surveyed 25 sites (cells where detectors were placed) within each habitat type
over both summers for a total of 125 sites across all habitat types during the study. In
winter we surveyed 121 of these same 125 sites; we were not able to survey four sites at
Palmetto Bluff because of time constraints. In winter we surveyed 24 sites in bottomland
forest, 23 in fields, 25 at ponds, 25 in salt marsh, and 24 in upland forests. We surveyed
81 sites at Palmetto Bluff (77 in winter), 30 at Pinckney Island, and 14 at Victoria Bluff.
During summer, we surveyed sites for four nights and during winter we surveyed
sites for 5-10 nights to account for potentially lower activity related to lower
temperatures (Grider et al. 2016). During both seasons acoustic recording began 30
minutes before sunset and ended 30 minutes after sunrise. Detectors were set to a data
division ratio of 8 and a sensitivity of 115. We placed acoustic units on 3.5 m high poles
as close to the center of sample cells as possible (within forests always ≥ 25 m away from
the nearest edge), in locations that would maximize ability to record bats (lower clutter
areas). We also faced microphones in the direction with the least amount of vegetative
clutter. For field and salt marsh sites we faced detectors toward open areas and away
from edges. For pond sites, we strategically selected locations where detectors could face
toward the pond without being blocked by the dense vegetation that surrounded many
ponds. We did not avoid placement of units during rain or storm events. Storms during
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summer were typically scattered across the landscape and did not last for extended
periods of time. Even though detectors may have been out during inclement weather
(rain, low temperatures), the effects of rain and temperature on bat activity were
accounted for in our models.
At each site, we characterized the vegetation structure surrounding the detector by
creating a 0.05 ha circular plot (radius = 12.5 m) around each detector. We confirmed
habitat type from the GIS layer (upland forest, bottomland forest, field, pond, and salt
marsh) and estimated basal area using a variable plot method and angle gauge with a
Basal Area Factor (BAF) of 10. Additionally, we measured canopy closure at the plot
center and 6 m from the center in each cardinal direction using a spherical densiometer
(Model-A, Forest Densiometers, Forestry Suppliers Inc., Jackson, MS). All five
measurements were averaged to obtain a canopy closure value for the plot. To
characterize midstory stem density, we created a transect through the plot center along a
randomly selected bearing and counted all stems ≥ 4 cm diameter at breast height (DBH)
and < 10 cm DBH within 1 m of either side of the transect. We determined the location of
each plot center with a GeoExplorer 2008 Series Global Positioning System unit (Trimble
Inc., Sunnyvale, CA). We used ArcMap to calculate distance to forest edge, distance to
residential cover, distance to roads, distance to freshwater, distance to nearest hardwood
stand, distance to nearest pine stand, and percent forest cover within a 250 m buffer for
the northern yellow bat and a 200 m buffer for the Myotis spp. and tri-colored bat. We
chose these buffers based on the foraging ranges of northern long-eared bats and scale of
response or foraging ranges of other bats with similar ecology and morphology to tri-
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colored bats and northern yellow bats (Broders et al. 2006; Moretto et al. 2019). We
obtained weather data from the Beaufort Merritt Field Airport Weather Station (32.4806,
-80.7192, Elevation: 11.3 m) in Beaufort, SC using the R package “riem” and calculated
average nighttime temperature and total rainfall.
Analysis
We used Analook (Version 4.2n 2017) and two custom filters to remove recorded
call files containing only background noise and non-search phase calls such as feeding
buzzes and social calls. The first filter removed files containing only background noise
and low frequency interference, and the remaining files were used as an estimate of
overall bat activity. The second filter removed passes that were low quality or had < 4
pulses. We identified filtered passes using Kaleidoscope Pro (Version 4.2.0) and vetted
all passes for correct identification. We grouped northern long-eared bat and
southeastern myotis, big brown bats (Eptesicus fuscus) and silver haired bats
(Lasionycteris noctivagans), and red bats (Lasiurus borealis) and Seminole bats (L.
seminolus) due to similarities in their call structures. We then developed nightly detection
histories for Myotis spp., tri-colored bats, and northern yellow bats for each site and
season for each species.
We used Program R version 3.6.1 (R Core Team 2019) to conduct occupancy
analyses for each species in package “unmarked”. First, we modeled detection probability
of each species or species group using models based on weather, site clutter, and date
(Table 1) while using the global model for occupancy (MacKenzie et al. 2018). Second,
we identified top models using a ∆AICc ≤ 4 and retained important detection covariates
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from out top models as defined by 85% confidence intervals that did not overlap zero
(Arnold 2010), and modeled simple single season occupancy for each species or species
group. We scaled all continuous covariates prior to analysis and screened for correlation.
We found evidence of correlation (|r| > 0.60) between canopy closure and basal area and
therefore did not include them in the same models for northern long-eared and tri-colored
bats and did not include canopy closure in any models for the northern yellow bat
because of differing species biology.
For each species or species group we developed additive models for occupancy
based on multiple competing hypotheses that varied by species or species groups due to
differences in morphological characteristics and how those relate to space use (Norberg
and Rayner 1987). We hypothesized that habitat use by Myotis spp., tri-colored bats, and
northern yellow bats would be influenced by habitat type, forest structure, site vegetative
clutter, access to landscape features, access to commuting features, and anthropogenic
disturbance (Table 2; Table 3; Table 4). We also included a null model for all species and
a global model for Myotis spp. For the tri-colored bat and northern yellow bat analyses
we used subglobal models that did not include habitat type because the global models
were overparameterized and did not converge. For each species or species group we
tested model fit of the most parameterized detection and occupancy model (MacKenzie
and Bailey 2004) in package “AICcmodavg” with 1000 simulations. If the global model
did not converge, we used the most parameterized model possible. We ranked models
using Akaike’s Information Criterion corrected for small sample size (AICc) or Quasi
Akaike’s Information Criterion corrected for small sample size (QAICc) when goodness
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of fit tests indicated overdispersion. We used adjusted standard errors (SE times √ĉ )
when there was evidence of overdispersion. We defined the confidence set of top models
as those with ∆AICc ≤ 4 and obtained model-averaged estimates using R package
“AICcmodavg” when there was uncertainty among models containing the same
covariates. If models in the confidence set contained no common covariates, we present
all models that were in the confidence set with their weights and interpreted each model
separately. Additionally, we determined that individual covariates were important for
both detection and occupancy if their 85% confidence intervals did not overlap zero
(Arnold 2010). Foraging bats are highly mobile and therefore can cause a violation of the
assumption of site closure by not constantly occupying a site. While we used occupancy
modeling, it is important to note that given the violation of this assumption, our results
should be interpreted as habitat use (Mackenzie 2005).
RESULTS
During summer 2018 and 2019 we surveyed for 500 detector nights and recorded
61,928 echolocation passes. After filtering out poor quality passes, we identified 25,248
passes to eight species or species groups. Of the identified passes, 32% (8,038) were tricolored bats, 26% (6,595) were red bats or Seminole bats, 15% (4,009) were evening bats
(Nycticeius humeralis), 11% (2,969) were big brown bats or silver haired bats, 10%
(2,652) were Brazilian free-tailed bats (Tadarida brasiliensis), 3% (825) were northern
yellow bats, 1% (116) were Myotis spp., and 1% (44) were hoary bats (Lasiurus
cinereus).
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During winter 2018 and 2019 we surveyed for 885 detector nights and recorded
52,651 bat passes. After removing poor quality passes, we identified 18,356 passes to
eight species or species groups. Of the identified passes, 25% (4,627) were Brazilian freetailed bats, 22% (3,995) were tri-colored bats, 18% (3,327) were red bats or Seminole
bats, 18% (3,206) were big brown bats or silver haired bats, 8% (1,448) were evening
bats, 4% (788) were hoary bats, 4% (729) were northern yellow bats, and 1% (236) were
Myotis spp.
Myotis spp.
We detected Myotis spp. at 42 sites (34%) during summer. We did not find
evidence of overdispersion in our data (ĉ = 0.73, P = 0.76). Five models were in the
detection probability confidence set (rain, null, temperature, full weather, and clutter
models; Table 5), but midstory stem density was the only important covariate so we
retained it in the occupancy models (Appendix 1). The landscape model was the only one
in the confidence set for occupancy and had a weight of 0.94 (Table 6). Important
covariates in this model were distance to water and distance to hardwood stands (Table
7). Occupancy decreased with increasing distance to hardwood dominated stands (Figure
1a) and distance to water (Figure 1b).
We detected Myotis spp. at 46 sites (38%) during winter. We found no evidence
for overdispersion in our data (ĉ = 1.32, P = 0.06) so we used AICc to rank both detection
and occupancy models. Five detection models were in the confidence set (temperature
model, which was the top model, null model, rain model, full weather model, and date
model; Table 5). Important covariates in this model were temperature and date, so these
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were retained in the occupancy model (Appendix 1). The landscape resources model was
the only one in the confidence set for occupancy and had a weight of 0.95 (Table 6).
Important covariates were distance to water, distance to pine stand, and distance to
hardwood stand (Table 7). Occupancy decreased with increasing distance to hardwood
stand (Figure 1c), distance to freshwater (Figure 1d), and distance to pine stand (Figure
1e).
Tri-colored bats
We detected tri-colored bats at 106 sites (85%) during summer. The data were
overdispersed (ĉ = 3.17, P = 0.001) so we used QAICc to rank both detection and
occupancy models. Five detection models (null model, temperature model, rain model,
full weather model, and date model) were in the confidence set (Table 5) indicating high
uncertainty. Temperature was important so it was retained in the occupancy models
(Appendix 1). The null occupancy model was the only model in the confidence set
indicating that no covariates that we measured were good predictors of occupancy (Table
6).
We detected tri-colored bats at 78 sites (64%) during winter. We did not find
evidence of overdispersion in our data (ĉ = 1.18, P = 0.12) so we used AICc to rank the
detection and occupancy models. The global model was the only one in the confidence
set for detection models (Table 5). Temperature, rain, basal area, and date were all
important detection covariates (Appendix 1), so we retained them in the occupancy
model. The habitat type model was the only one in the confidence set for occupancy with
a weight of 0.99 (Table 6), and salt marsh and upland forest were important. Occupancy
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was lower in salt marsh and upland forest sites than in bottomland forest (Table 7, Figure
2a). Occupancy in field and pond sites was not different from occupancy in bottomland
forest sites.
Northern yellow bats
We detected northern yellow bats at 71 sites (57%) during summer. We found
evidence of overdispersion in our data (ĉ = 1.86 , P = 0.03) so we used QAICc to rank
detection and occupancy models. The null, temperature, rain, full weather, and date
models were all within the confidence set (Table 5), but no covariates were important
likely due to the null model being the top model (Appendix 1). We retained a null
detection model for our occupancy models. The habitat type and global models were both
in the confidence set for occupancy (Table 6). Habitat types field, pond, and salt marsh,
as well as distance to water and distance to salt marsh were all important covariates
(Table 7). Occupancy was higher at field sites, pond sites, and salt marsh sites than at
bottomland forest sites (Figure 2b). Occupancy in upland forest sites was not different
from occupancy in bottomland forest sites (Figure 2b). Occupancy was also higher closer
to water and closer to salt marsh (Figure 3a, 3b).
We detected northern yellow bats at 48 sites (40%) during winter. We did not find
evidence of overdispersion in our data (ĉ = 1.14, P = 0.268), so we used AICc to rank our
models of detection and occupancy. The only model in our confidence set was the global
model, with a weight of 0.99 (Table 5). Important covariates were rain, basal area, and
temperature, which we retained in our occupancy models (Appendix 1). Two models
were within the confidence set of occupancy models, habitat type with a weight of 0.63
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and landscape resources with a weight of 0.35 (Table 6). Salt marsh and upland forest
habitat types were important as were proportion of forest within 250 m, distance to water,
and distance to salt marsh (Table 7). Occupancy was lower at salt marsh and upland
forest sites compared to bottomland forest sites (Figure 2c) and higher closer to
freshwater and salt marsh (Figure 3c, 3d). Occupancy was also higher in areas with a
higher proportion of forest within 250 m (Figure 3e).
DISCUSSION
We observed support for our hypotheses that nocturnal habitat use by the three
focal species or species group of our study would vary based on morphology and
ecology, and that these characteristics would result in shifts in habitat use between
summer and winter. During summer, habitat use was related to characteristics that we
would expect based on how morphologically distinct bats interact with their environment.
The large fast flying northern yellow bat used open areas and the more maneuverable
Myotis spp. were associated with forests. However, when resource availability and forest
structure likely changed with season, we saw that northern yellow bats and tri-colored
bats used interior forest habitat that we may not expect if we simply considered their
morphology along with summer forest conditions and insect abundance. Our results
highlight that changes in habitat use occur between seasons and that failure to account for
different ecological needs throughout the year may limit our understanding of important
habitat features (Weller et al. 2009).
Although Myotis spp. habitat use was not associated with any site characteristics
that we measured, the landscape surrounding sites was important and as we predicted, use
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did not change between summer and winter. Distance to hardwood stands and distance to
freshwater were important during both seasons, as well as distance to pine stands during
winter. Greater probability of use in proximity to forested stands reflects myotis habitat
use elsewhere, where they use sites within a variety of forests and sites with high
proportions of surrounding forest (Patriquin and Barclay 2003; Ford et al. 2006; Morris et
al. 2010; Starbuck et al. 2015). Hardwood stands at our study areas included bottomland
hardwood and maritime forests which provide complex structure from which Myotis
species can glean insects (Ford et al. 2006). Southeastern myotis are also closely tied to
bottomland forests for roosting, using basal cavities in trees such as water tupelo (Nyssa
aquatica), black tupelo (N. sylvatica), and sweetgum (Liquidambar styraciflua) (Clement
and Castleberry 2013; Fleming et al. 2013) which dominated bottomland forests in our
study area. Northern long-eared bats use a diversity of hardwood and pine trees across
their range for roosting (Silvis et al. 2016). Like other species, Myotis spp. in our study
may use foraging habitat close to roost sites to reduce energy used for commuting
(Veilleux et al. 2004; Broders et al. 2006).
It is possible that some of our results on Myotis spp. were impacted by grouping
the two species, and we may not have picked up on how habitat use varied between these
species. For example, northern long-eared bats in Kentucky forage closer to pine stands
than hardwood stands (Lacki et al. 2009) in summer, whereas southeastern myotis in
South Carolina use pine stands less than hardwood stands (Ford et al. 2006). Thus, the
importance of proximity to pine stands in winter may reflect northern long-eared bat
habitat use more than southeastern myotis habitat use. Nevertheless, the foraging strategy
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of both species allows individuals to take advantage of structurally complex forests
where they can glean resting insects, a behavior especially important in facilitating
foraging during cool periods (Burles et al. 2009).
We found that tri-colored bat habitat use in summer was distributed across most
of the landscape counter to what we predicted. However, in winter we saw use shift to
bottomland forests, ponds, and fields more than salt marsh and upland forest habitat types
which partially reflected our predictions. While some studies have reported that tricolored bat habitat use is associated with edges, high canopy closure, and low vegetation
density (Ford et al. 2006; Loeb and O’Keefe 2006; Morris et al. 2010), others have found
that use does not differ among open canopy, closed canopy, harvested, and unharvested
forests (Menzel et al. 2002). The presence of tri-colored bats across 85% of our sites may
explain why we had difficulty in explaining variation in occupancy among sites and
indicates that tri-colored bats display generalist behavior during summer in our study
area. This generalist behavior may more broadly reflect why there is variation among
other studies as well. In contrast to summer, habitat use in winter was higher in
bottomland forests, ponds, and fields than in salt marsh and upland forest, potentially
reflecting changes in resource availability between seasons. Although insect abundance
does not affect bat activity during summer in Coastal South Carolina (Moore and Best
2018), it is possible that there is a threshold of low availability below which habitat use is
constrained to areas where insects are more available. When temperatures decrease,
insects are not able to sustain flight for prolonged periods of time (Rowley and Graham
1968). Bottomland forests may therefore provide not only structure for insects to rest on
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but water sources, potentially supporting a higher abundance of insects in wet forests than
dry ones (Janzen and Schoener 1968). Finally, fields and ponds had similar use to
bottomland forests and likely also provide resources for tri-colored bats. Freshwater and
forest edges may provide places to forage and drink even when resources are more
limited in winter (Morris et al. 2010; Stahlschmidt et al. 2012).
As we predicted, summer habitat use by northern yellow bats was associated with
the three open habitat types (salt marsh, fields, and ponds) more than with forested
habitats. However, in winter, use shifted to bottomland forests, fields, and ponds more
than salt marsh and upland forests. The summer associations with open habitat types
supported our prediction that forests are too cluttered for efficient foraging by this
relatively large species (Norberg and Rayner 1987; Morris et al. 2010). Northern yellow
bats were also more likely to use sites closer to salt marsh, providing further support that
this is an important habitat for this species in summer. However, northern yellow bat
habitat use shifted between summer and winter. During winter, habitat use was lower in
salt marsh and upland forest compared to bottomland forests but similar among
bottomland forests, fields, and ponds. Shifts in insect communities away from the more
open salt marsh where there is little resting space or protection from the elements
(Verboom and Huitema 1997) may explain low use of this habitat type by northern
yellow bats in winter compared to summer. Nonetheless, use was still high at sites close
to salt marsh during winter even though use of this habitat was low. On average, summer
roost sites were closer to salt marsh than random sites (see Chapter 1). Thus, it is possible

53

that northern yellow bats use areas close to salt marsh in winter because individual core
home ranges remain constant throughout the year.
Northern yellow bats used bottomland forests in the winter, but not in the
summer. While bottomland forests were mostly dominated by deciduous hardwoods like
Nyssa spp., upland forests were mostly dominated by evergreen species including live
oak and pines. Canopy closure decreased by about 30% on average in bottomland forests
during winter but only decreased by about 11% in upland forests. The greater reduction
in clutter in bottomland forests may open flight space for this and other species, making
these sites easier to maneuver and forage in (Brigham et al. 1997; Loeb and O’Keefe
2006; Suarez-Rubio et al. 2018). Although use of fields was not different from use of
bottomland forests in winter for the northern yellow bat, we saw a decrease in probability
of use from summer to winter and use of fields was greater than use of salt marsh (Figure
2b, 2c). These changes in use may reflect relative changes in insect abundance. In winter,
insect abundance may be higher in fields than in the salt marsh because fields were
typically surrounded by more hard edge than salt marshes in our study area. Such edges
are positively related to insect density as they provide more protection than open areas
(Verboom and Huitema 1997).
Our data suggest that freshwater ponds and bottomland forests were important for
multiple species. During summer and winter, northern yellow bat and Myotis spp. were
more likely to use sites that were closer to freshwater, and during winter tri-colored bat
habitat use was high at ponds. Ponds are important for many bats, especially in human
dominated areas (Henderson and Broders 2008; Fabianek et al. 2011; Ancillotto et al.
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2019; Parker et al. 2019). Human constructed ponds provided most of the freshwater
sources in our study areas and such retention ponds provided permanent water sources to
bats. Permanent water sources are particularly important on coastal islands where
freshwater can be scarce. In addition to ponds, our data suggest that bottomland forests
were important for multiple species. The tri-colored bat and northern yellow bat used
bottomland forests more than other habitat types and Myotis spp. used sites close to
hardwood stands, many of which were bottomland forests. Our results provide further
support of the importance of bottomland forests to bats in this region (Grider et al. 2016).
The importance of these forests is particularly noteworthy in our study area because of
the small percentage of land they make up compared to other forest types.
We predicted that distance to residential development would influence habitat use
of all species studied, but the model containing this covariate did not receive support in
any of our analyses. Disturbance and fragmentation associated with low-density housing
development in our study areas may have increased complementation (i.e., access to
multiple habitats and resources needed at various times of day) (Dunning et al. 1992).
Complementation can increase bat activity by providing access to both roosting and
foraging sites (Ethier and Fahrig 2011) and intermediate disturbance due to low-level
development may increase access to a diversity of resources (Gehrt and Chelsvig 2004;
Rhodes and Catterall 2008; Threlfall et al. 2011). However, bat occupancy is negatively
impacted by even low-level urban development in Australia (Caryl et al. 2016), though
this study looked at a broader spatial scale than ours. At a similar broad spatial scale, for
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example across the Coastal Plain of South Carolina, habitat use may be impacted by
urbanization because of more variable degrees of habitat loss and human disturbance.
We used occupancy modeling to analyze our data which allowed us to account
for imperfect detection. While occupancy modeling is a useful tool for understanding
habitat associations it has some drawbacks. Levels of activity (i.e., number of passes
recorded) may show different patterns of habitat use than site occupancy because sites
with low and high activity have the same weight in occupancy analyses. Additionally,
abundance and occupancy can be misleading when they do not reflect habitat quality
because intraspecific competition can push individuals to suboptimal habitat or habitat
sinks (Horne 1983). However, even with these drawbacks and when standard occupancy
model assumptions like site closure are violated, such models are still appropriate to
estimate habitat use (Mackenzie 2005). Another important consideration in using
occupancy models is that information about availability of resources is not considered.
For example, acoustic studies may provide data on sites that are used by species, but
cannot be used to provide information on habitat selection or preference (Miller et al.
2003). While acoustic studies may draw similar conclusions to use and selection studies
using telemetry, they do not always provide the same habitat association results at various
orders of selection (Morris et al. 2011). Studying resource selection of individuals instead
of use helps to elucidate complex relationships relating to habitat quality and preference.
Nonetheless, habitat use provides information about important resources and changes
over time to help inform management about habitat associations.
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Collectively, our results suggest that as the Coastal Plain of South Carolina
continues to go through rapid forest loss, retention of important features including ponds,
bottomland forests, hardwood forests, pine dominated forests, and coastal salt marshes
would help meet the needs of a diversity of bat species during different times of the year.
The variation we observed in habitat use among species supports the hypothesis that
morphologically different bats use habitat structures differently. Additionally, changes in
resources and vegetation throughout the year resulted in changes in habitat use. Had our
research been only focused on the summer reproductive period, we may have drawn
conclusions about habitat use that diminished the importance of bottomland forests for
some species. While increasing low-level disturbance and adding features like freshwater
retention ponds may benefit bats, it also has the potential to remove critical forest
resources. The loss of forest features, even for bat species that do not predominately use
them or use them only during one season may lead to unexpected consequences to
populations in this region. As loss of forests continues, retention of natural forest patches
and important landscape features will help meet the diversity of needs for many species.
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TABLES
Table 1. A priori models (1-7) for detection of target bat species during Summer and Winter 2018 and 2019 in coastal South
Carolina (+ indicates positive effect of covariate on detection, - indicates a negative effect of covariate on detection).
Model
Covariates
Summer Prediction
Winter Prediction
1. Temperature
Temperature
+
+
2. Rain
Rain
3. Full Weather
Temperature
+
+
Rain
4. Clutter
Midstory Stem Density
Overstory Basal Area
5. Date
Date2
+
6. Null
7. Global
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Table 2. A priori models (1-8) for Myotis bat nocturnal habitat use and predictions for summer and winter (+ indicates positive
effect of covariate on occupancy, - indicates a negative effect of covariate on occupancy).
Models
1. Interior Forest
2. Habitat type

3. Site Clutter
4. Landscape
Commuting
5. Landscape Resources

6. Anthropogenic
Disturbance

Covariates
Canopy Closure2
Habitat Type: Forested Wetland
Habitat Type: Field and Wildlife
Foodplot
Habitat Type: Pond
Habitat Type: Salt Marsh
Habitat Type: Upland Forest
Basal Area
Midstory Stem Density

Summer Predictions
+
+

Winter Predictions
+
+

+
+
-

+
+
-

Distance to Edge
Distance to Road
Distance to Water
Distance to Pine Stand
Distance to Hardwood Stands
Proportion of Forest in 200 m Buffer

+

+

Distance to Residential Cover
Distance to Road
Study Area: Palmetto Bluff
Study Area: Victoria Bluff
Study Area: Pinckney Island

+
+
+
+
-

+
+
+
+
-

Citation
Lacki et al. 2009
Jantzen and Fenton 2013
Jantzen and Fenton 2013
Henderson and Broders 2008, Moore and Best 2018
Jantzen and Fenton 2013
Jantzen and Fenton 2013
Jantzen and Fenton 2013
Loeb and O’Keefe 2006
Patriquin and Barclay 2003, Jantzen and Fenton 2013
Pauli et al. 2017
Henderson and Borders 2008
Lacki et al. 2009, Confortin and Brown 2018
Ford et al. 2006
Starbuck et al. 2015, Broders et al. 2006
Johnson et al. 2008
Pauli et al. 2017
Starbuck et al. 2015
Starbuck et al. 2015
Starbuck et al. 2015

7. Null
8. Global
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Table 3. A priori models (1-8) for tri-colored bat nocturnal habitat use and predictions for summer and winter (+ indicates
positive effect of covariate on occupancy, - indicates a negative effect of covariate on occupancy).
Models
1. Edge and Interior Forests
2. Site Clutter

3. Landscape Commuting

4. Landscape Resources

5. Anthropogenic
Disturbance

6. Habitat Type

Covariate
Canopy Closure2
Distance to Edge
Midstory Stem Density

Summer Prediction
+
-

Winter Prediction
+
-

Citation
Ford et al. 2006
Morris et al. 2010
Ford et al. 2006, Loeb and O'Keefe 2006

Basal Area
Distance to Edge
Proportion of Forest in 200 m
Distance to Road
Distance to Water
Distance to Hardwood Stands
Distance to Edge
Proportion of Forest in 200 m

-

+
-

Ford et al. 2006
Morris et al. 2010
Starbuck et al. 2015
Morris et al. 2010
Ford et al. 2006
Perry et al. 2007
Morris et al. 2010
Starbuck et al. 2015, Broders et al. 2006

Distance to Road
Study Area: Palmetto Bluff
Study Area: Victoria Bluff
Study Area: Pinckney Island
Distance to Edge
Distance to Residential Area
Habitat Type: Bottomland Forest
Habitat Type: Field and Wildlife
Food Plot
Habitat Type: Pond
Habitat Type: Salt Marsh
Habitat Type: Upland Forest

+
+
-

+
+
+

Morris et al. 2010
Starbuck et al. 2015
Starbuck et al. 2015
Starbuck et al. 2015
Morris et al. 2010
Starbuck et al. 2015
Ford et al. 2006

+
+
+
-

+
+

Ford et al. 2006
Fabianek et al. 2011
Ford et al. 2006
Ford et al. 2006

7. Null
8. SubGlobal
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Table 4. A priori models (1-8) for northern yellow bat nocturnal habitat use and predictions for summer and winter (+
indicates positive effect of covariate on occupancy, - indicates a negative effect of covariate on occupancy).
Model

Covariate

1. Habitat Type

Habitat Type: Bottomland Forest

-

+

Morris et al. 2010

Habitat Type: Field

+

-

Morris et al. 2010

Habitat Type: Pond

+

+

Morris et al. 2010

Habitat Type: Salt Marsh

+

-

Morris et al. 2010

Habitat Type: Upland Forest

-

+

Morris et al. 2010, Norberg

Basal Area

-

+

Patriquin and Barclay 2003

Midstory

-

-

Patriquin and Barclay 2003

Proportion of Forest in 250 m

-

+

Ivey 1959

Distance to Water

-

-

Webster et al. 1980

Distance to Salt Marsh

-

+

Ivey 1959

Proportion of Forest in 250 m

-

+

Ivey 1959, Moretto et al. 2019

Distance to Road

-

-

Amelon et al. 2014

Distance to Salt Marsh

-

+

Ivey 1959

Distance to Road

-

-

Amelon et al. 2014

Distance to Residential Cover

+

+

Rodriguez-Aguilar et al. 2016

Study Area: Palmetto Bluff

+

+

Morris et al. 2010

Study Area: Pinckney Island

+

-

Morris et al. 2010

Study Area: Victoria Bluff

-

+

Morris et al. 2010

2. Site Clutter
3. Landscape Resources

4. Landscape Commuting

5. Human Disturbance
6. Study Area

Summer Predictions

Winter Predictions

Citation

7. Null
8. SubGlobal
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Table 5. Confidence sets (ΔAICc or ΔQAICc < 4) of detection models for Myotis spp., tri-colored bats, and northern yellow
bats in summer and winter 2018 and 2019, in Bluffton, SC. Quasi Akaike Information Criterion is used for model sets denoted
by *
Models
Myotis
Summer
Rain
Null
Temperature
Full Weather
Clutter
Winter
Temperature
Full Weather
Null
Date
Clutter
Tri-colored bat
Summer*
Null
Temperature
Rain
Full Weather
Date
Winter
Global
Full weather
Northern yellow bat
Summer*
Null
Temperature
Rain
Full Weather
Date
Winter
Global

K

Q/AICc

∆ Q/AICc

Model Liklihood

Q/AICc Weight

Quasi/Log Liklihood

Cumulative Weight

16
15
16
17
17

380.85
381.22
383.39
383.50
384.28

0.00
0.37
2.54
2.65
3.42

1.00
0.83
0.28
0.27
0.18

0.38
0.31
0.11
0.10
0.07

-171.91
-173.41
-173.18
-171.89
-172.28

0.38
0.69
0.79
0.89
0.96

16
17
15
17
17

562.12
563.31
565.00
565.75
566.12

0.00
1.19
2.88
3.62
4.00

1.00
0.55
0.24
0.16
0.14

0.45
0.25
0.11
0.07
0.06

-262.45
-261.68
-265.22
-262.90
-263.09

0.45
0.70
0.81
0.89
0.95

15
16
16
17
17

176.22
176.28
178.23
178.85
179.93

0.00
0.06
2.01
2.63
3.71

1.00
0.97
0.36
0.27
0.16

0.35
0.34
0.13
0.09
0.05

-70.91
-69.62
-70.60
-69.56
-70.10

0.35
0.69
0.82
0.91
0.97

16
12

868.37
870.50

0.00
2.13

1.00
0.34

0.69
0.24

-415.57
-421.80

0.69
0.93

14
15
15
16
16

280.53
281.49
282.99
284.12
284.44

0.00
0.95
2.46
3.59
3.91

1.00
0.62
0.29
0.17
0.14

0.43
0.27
0.13
0.07
0.06

-124.36
-123.54
-124.29
-123.54
-123.70

0.43
0.70
0.82
0.89
0.96

15

548.58

0.00

1.00

0.99

-256.98

1.00
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Table 6. Confidence sets (ΔAICc or ΔQAICc < 4) for occupancy models of Myotis bats, tri-colored bats, and northern yellow
bats in summer and winter 2018 and 2019, in Bluffton, SC. Quasi Akaike Information Criterion is used for model sets denoted
by *
Models

K

Q/AICc

∆ Q/AICc

Model Liklihood

Q/AICcWeight

Log Liklihood

Cumulative Weight

7

363.97

0.00

1.00

0.94

-174.51

0.94

9

556.18

0.00

1.00

0.95

-268.28

0.95

4

151.74

0.00

1.00

0.76

-71.71

0.76

11

853.92

0.00

1.00

0.99

-414.75

0.99

7
14

277.23
280.53

0.00
3.30

1.00
0.19

0.83
0.16

-131.14
-124.36

0.83
0.99

9
8

535.91
537.06

0.00
1.15

1.00
0.56

0.63
0.35

-258.14
-259.89

0.63
0.98

Myotis
Summer
Landscape Resources
Winter
Landscape Resources
Tri-colored bats
Summer*
Null
Winter
Habitat Type
Northern yellow bats
Summer*
Habitat Type
Global
Winter
Habitat Type
Landscape Resources
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Table 7. Estimates, standard errors, and 85% confidence intervals for covariates in top
models for Myotis spp., tri-colored bat, and northern yellow bat occupancy in summer
and winter 2018 and 2019 in Bluffton, SC (bold indicates important covariates)
Estimate
Myotis
Summer
Intercept
Distance to Water
Distance to Pine
Proportion of Forest
Distance to Hardwood
Winter
Intercept
Distance to Water
Distance to Pine Stand
Proportion of Forest
Distance to Hardwood Stand
Tri-colored bats
Summer
Intercept
Winter
Intercept
Habitat type: Field
Habitat Type: Pond
Habitat Type: Salt Marsh
Habitat Type: Upland Forest
Northern yellow bats
Summer
Intercept
Habitat Type: Field
Habitat Type: Pond
Habitat Type: Salt Marsh
Habitat Type: Upland Forest
Basal Area
Midstory Stem Density
Proportion of Forest
Distance to Road
Distance to Water
Distance to Residential Area
Distance to Salt Marsh

SE

Lower CI

Upper CI

-0.36
-0.45
-0.49
0.43
-0.60

0.31
0.28
0.37
0.32
0.34

-0.81
-0.85
-1.02
-0.02
-1.09

0.09
-0.04
0.04
0.88
-0.10

-0.66
-1.08
-1.01
0.33
-0.56

0.31
0.35
0.44
0.29
0.34

-1.11
-1.58
-1.64
-0.10
-1.04

-0.21
-0.57
-0.38
0.75
-0.07

1.74

0.14

1.53

1.95

2.68
-1.70
5.56
-3.00
-1.96

1.07
1.22
18.96
1.15
1.15

1.14
-3.46
-21.74
-4.66
-3.62

4.22
0.06
32.86
-1.34
-0.30

-1.63
3.76
3.80
3.19
0.00
0.06
0.35
-0.82
0.25
-1.66
0.84
-1.08

0.85
1.50
1.52
1.37
1.14
0.75
0.41
0.73
0.58
0.75
0.66
0.53

-2.85
1.60
1.61
1.22
-1.64
-1.01
-0.24
-1.87
-0.58
-2.74
-0.12
-1.85

-0.40
5.91
6.00
5.17
1.65
1.14
0.94
0.23
1.08
-0.58
1.79
-0.31
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Winter
Intercept
Habitat Type: Field
Habitat Type: Pond
Habitat Type: Salt Marsh
Habitat Type: Upland Forest
Intercept
Proportion of Forest
Distance to Water
Distance to Salt Marsh

1.76
-1.74
0.36
-3.57
-3.10
-0.16
0.45
-1.48
-0.45

1.63
1.70
1.85
1.74
1.67
0.29
0.28
0.37
0.26

-0.59
-4.18
-2.31
-6.08
-5.50
-0.58
0.04
-2.01
-0.82

4.10
0.71
3.02
-1.06
-0.69
0.25
0.86
-0.95
-0.08
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FIGURES
(a)

(c)

(b)

(d)

(e)

Figure 1. Probability of Myotis spp. occupancy in summer based on (a) distance to
hardwood stand, and (b) distance to freshwater, and in winter based on (c) distance
to hardwood stand, (d) distance to freshwater, and (e) distance to pine stand in
Bluffton, SC, 2018 and 2019.
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(a)

(b)

(c)

Figure 2. Probability of site occupancy based on habitat type (reference category:
bottomland forest) of (a) tri-colored bats in winter, (b) northern yellow bats in summer
and, (c) northern yellow bats in winter in Bluffton, SC, 2018 and 2019.
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(a)

(c)

(b)

(d)

(e)

Figure 3. Probability of Northern yellow bat site occupancy in summer based on
(a) distance to freshwater and (b) distance to salt marsh and in winter based on (c)
distance to freshwater, (d) distance to salt marsh, and (e) proportion of forest
within 250m buffer in Bluffton, SC, 2018 and 2019.
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APPENDIX
Table 1. Estimates, standard errors, and 85% confidence intervals for covariates in top
models of Myotis spp., tri-colored bat, and northern yellow bat detection probability in
summer and winter 2018 and 2019 in Bluffton, SC (bold indicates important covariates).
Estimate
SE
Lower CI
Upper CI
Myotis
Summer
Intercept
-0.87
0.24
-1.21
-0.52
Rain
-0.46
0.36
-0.98
0.06
Temp
0.07
0.17
-0.17
0.32
Basal Area
-0.10
0.29
-0.51
0.31
Midstory
0.33
0.19
0.05
0.61
Winter
Intercept
-1.02
17.00
-1.24
-0.81
Temp
0.32
0.13
0.14
0.50
Rain
-0.14
0.13
-0.33
0.05
Date
0.56
0.28
0.16
0.95
2
Date
-0.09
0.05
-0.15
-0.02
Tri-colored bats
Summer
Intercept
1.75
0.26
1.38
2.13
Temp
0.39
0.26
0.02
0.76
Rain
-0.12
0.20
-0.42
0.17
Date
0.24
0.29
-0.18
0.66
2
Date
0.23
0.28
-0.17
0.64
Winter
Intercept
-0.52
0.10
-0.67
-0.38
Temp
0.99
0.11
0.83
1.15
Rain
-0.18
0.08
-0.29
-0.07
Basal Area
-0.22
0.09
-0.35
-0.08
Midstory Stem Density
0.08
0.08
-0.03
0.20
Date
0.65
0.25
0.29
1.01
2
Date
-0.12
0.04
-0.18
-0.06
Northern yellow bats
Summer
Intercept
0.32
0.18
0.06
0.58
Temp
0.23
0.18
-0.03
0.49
Rain
-0.05
0.22
-0.36
0.27
Date
-0.24
0.22
-0.55
0.07
Date2
0.06
0.13
-0.12
0.24
Winter
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Intercept
Rain
Basal Area
Midstory
Temp
Date
Date2

-1.22
-0.35
-0.81
0.00
1.01
0.02
-0.03

0.16
0.15
0.19
0.12
0.15
0.32
0.05

-1.44
-0.56
-1.09
-0.18
0.79
-0.44
-0.11

-0.99
-0.13
-0.53
0.17
1.22
0.49
0.04
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